INTRODUCTION
Direct disturbance by management and indirect disturbance through altered atmospheric chemistry and climate have been identified as 2 primary change agents for forest ecosystems globally (Vitousek 1994 , Galloway et al. 1995 . While many different ecosystem models have been used to predict the effects of changes in climate and atmospheric chemistry (e.g. VEMAP Members 1995), most use potential or static descriptions of vegetation and site so that the effects of direct management or land use on forest ecosystems have not been considered. Given this limitation, it is not known how direct human manipulation of the landscape can alter the predictions derived from simulations using potential or regionally averaged soil and vegetation conditions. Without this understanding, we cannot know how well current model simulations will represent actual ecosystem response. The availability of these data would allow us to examine how site characteristics or direct human manipulation influences forest productivity.
Ireland is currently experiencing a rapid change in land use through a vigorous program of reforestation, mainly with exotic conifers (Anonymous 1994) . Management practices used in the establishment of plantations range from planting alone to intensive site preparation including drainage of peatlands and fertilization (Farrell 1990b , Farrell & Boyle 1990 . Extensive re-ABSTRACT: Most model-based predictions of climate change effects on forest ecosystems have used either potential or static descriptions of vegetation and site, removing the effects of direct management or land use. In this paper we use a previously developed and validated model of carbon and water balances in forest ecosystems (PnET-II) to assess the relative sensitivity of forest production in Ireland to predicted climate change and to ambient variability in site quality. After validating the model against measured productivity for 2 sets of stands, we ran the model using existing variation in site quality, represented as differences in foliar N concentration, and also for predicted changes in climate and atmospheric CO 2 . Resulting variations in productivity were compared with those due to potential errors in the specification of input parameters and to variation in current ambient climate across the region. The effects on net primary production (NPP) and wood production of either ambient variation in climate or predicted changes in temperature, precipitation and CO 2 are quite small (0 to 30%) relative to the effects of ambient variability in site quality (up to 400%). The range of possible variation in other userspecified physiological parameters resulted in changes of less than 10% in model predictions. We conclude that site-specific conditions and management practices result in a range of forest productivity that is much greater than any likely to be induced by climate change or CO 2 enrichment. We also suggest that it is essential to understand and map spatial variability in site quality, as well as to understand how the productive capacity of landscapes will change in response to management and pollution loading, if we are to predict the actual role that climate change will play in altering forest productivity and global biogeochemistry.
KEY WORDS: Regional modeling · Validation · Foliar nitrogen · Sitka spruce gional datasets are available on the soils and climate of Ireland (Gardiner & Radford 1980 , Goodale et al. 1998 , and production data are also available for a large number of plantation sites (see below).
In this paper we apply a previously developed and validated model of carbon and water balances in forest ecosystems (PnET-II) and a model of climate variation in Ireland (companion article in this issue; Goodale et al. 1998) to predict the growth of coniferous forest plantations in Ireland. We use existing variation in site quality resulting from differences in soil type and management practices, represented as differences in foliar N concentration, in conjunction with predicted changes in climate and atmospheric CO 2 , to assess the relative sensitivity of these systems to site management and climatic and atmospheric change.
BACKGROUND

History of forestry in Ireland
Temperate deciduous forests once covered most of Ireland, but centuries of use for timber and charcoal production left the island with only 1.4% forest cover by 1905 (McEvoy 1954 (McEvoy , 1958 . Specimen plantings of exotic conifers in the 19th century suggested the potential for very high growth rates, and reforestation initiatives, restricted initially to low-fertility soils unsuitable for agriculture, were begun early in this century. Exotic coniferous species (primarily Picea sitchensis, Pinus contorta, Picea abies, and Pinus sylvestris) were used primarily, and they currently make up 90% of Ireland's plantations (Anonymous 1994). Sitka spruce (P. sitchensis) covers over half of the forested land in Ireland (Anonymous 1994) .
The early suggestions of high potential productivity have been proven correct. Ireland's average rate of potential softwood production is more than double that of France and more than triple that of Sweden and Finland (Carbonnier 1991) . This, combined with changes in agricultural subsidy policies within the European Economic Community, have made forestry an increasingly attractive alternative to traditional agriculture (Conway 1991 , Kearney 1991 . Planting rates have accelerated rapidly over the past decade, and forests now cover 8% of the Republic of Ireland (Anonymous 1994).
Methods used for stand establishment in Ireland differ widely depending on site conditions (Farrell 1990b) . Blanket peats in the west of Ireland are generally plowed for drainage, with planting occurring on the overturned turf above the lowered water level in the furrow. The use of phosphorous fertilizers has increased with time on this site type. Minerotrophic raised bogs in the central lowlands are used as a fuel source for electricity generation. Plantation establishment on this site type has been limited to date, but may increase in the future, and generally involves planting only, without site preparation.
Models of forest productivity in Ireland
Potential forest yield in Ireland (yield class, expressed in m 3 ha -1 yr -1 ) is currently determined with empirically derived height, age, and growth relationships developed by the Forestry Commission of the United Kingdom (Edwards & Christie 1981) . This value represents expected volume production at the time of maximum mean annual increment. The British models have never been fully tested under Irish conditions, and it has been suggested that they may underestimate the growth of Sitka spruce in Ireland (Anonymous 1994) . Empirical yield models also cannot be used to predict the effects of changes in environmental conditions, and in fact these models may lose reliability as environmental conditions change over time (Bossel 1991 , Mohren & Burkhart 1994 , Spiecker et al. 1996 . Change can result either from alterations in climatic and atmospheric conditions or from management practices that affect fertility or site quality.
Predicted climate change
While there is emerging scientific consensus that climates will warm over much of the Earth over the next several decades (Kattenberg et al. 1996) , the degree of warming and effects on the timing and distribution of precipitation are still subject to debate. Predictions of climate change in Europe have been developed from general circulation models (GCMs) and from mesoscale models nested within GCMs, and have either included or ignored the effects of sulfate aerosols in moderating the effects of greenhouse gases. Without the aerosol correction, GCM runs presented in the most recent report of the Intergovernmental Panel on Climate Change (IPCC) suggest a 4.0 to 4.5°C increase in temperature across Ireland in a double CO 2 environment (Kattenberg et al. 1996) , and a change in precipitation of -0.3 to +1.0 mm d -1
. The nested mesoscale models, which give greater spatial specificity to predictions, suggest a 3.5 to 4.5°C increase in temperature, and an increase in precipitation of 0 to 1 mm d -1 .
The predicted net effect of increasing sulfate aerosols in the atmosphere is a reduction in solar radiation penetration to the Earth's surface, and a partial compensation for warming due to increased greenhouse gases (Mitchell et al. 1995 , Trenberth et al. 1996 . With the sulfate aerosol corrections included, changes in mean temperature for Ireland predicted by the Hadley Centre GCM range from +1 to + 3°C depending on season, while changes in precipitation are predicted to vary seasonally from -10 to +10 mm mo -1 (Mitchell et al. 1995, http://www.cru.uea.ac.uk/link/) .
Global warming is expected to increase minimum temperatures more than maximum temperatures, shrinking the diurnal temperature range (Kattenberg et al. 1996 , Nicholls et al. 1996 . This has the important primary effect of lengthening the growing season in spring and fall and increasing nighttime respiration rates. It also has the secondary effect of reducing vapor pressure deficit (VPD) and reducing transpiration if minimum nighttime temperature is assumed to approximate the dewpoint temperature.
Physiological effects of CO 2 enrichment
To date, most work on the direct effects of CO 2 on trees has been performed in short-term studies on seedlings in CO 2 -enriched growth chambers. While most of these studies have demonstrated increases in photosynthesis and water use efficiency, the magnitude of change is highly variable, and many feedbacks must be quantified before scaling up in space or over time (Eamus & Jarvis 1989 , Bazzaz 1990 ). Increases in photosynthesis may not be sustained over time due to down-regulation of photosynthesis through end product inhibition or limitations by light or nutrient levels (Bazzaz 1990) . Evidence from whole ecosystems in response to CO 2 enrichment suggests different responses in different systems. Northern tundra systems demonstrated no long-term direct response to CO 2 enhancement (Oberbauer et al. 1986) , while growth was enhanced in a nutrient-enriched estuarine marsh (Curtis et al. 1989a, b) . Feedbacks between CO 2 and nutrient availability are difficult to predict. Availability may be increased by enhanced photosynthesis and allocation of carbon to roots, augmenting soil exploration, or increasing allocation to mycorrhizae. However, increases in the C:N ratio in foliage could decrease both photosynthetic rate (Reich et al. 1995) and nutrient mineralization (Bazzaz 1990) .
Water use efficiency has consistently been shown to increase in a doubled-CO 2 environment, although the magnitude of increase can vary from 20 to 160% (Eamus & Jarvis 1989 , Woodward et al. 1991 , Polley et al. 1993 , Pitelka 1994 . Water use efficiency may increase due to increased photosynthesis and/or reduced stomatal conductance. In Sitka spruce seedlings, doubling CO 2 concentration caused water use efficiency to double (Townend 1993) .
METHODS
Model structure
PnET-II (Fig. 1) is one of a number of published, physiologically based models designed to predict forest growth through calculations of processes such as photosynthesis and transpiration (e.g. Pastor & Post 1986 , Running & Coughlan 1988 , Raich et al. 1991 , McMurtrie et al. 1992 . While more complex than the empirically based models currently in use in Ireland, physiological models offer the potential to capture and predict more accurately the effects of changes in climate and site quality. PnET-II differs from many models in that input parameters are determined directly from the literature with no attempt to calibrate the inputs to achieve measured outputs. Data on predicted variables [e.g. net primary production (NPP), wood production, transpiration, water yield] are not used in any way to determine the inputs. This lack of calibration allows the model to be tested against the independent output variables listed above to assess the accuracy of model function.
PnET-II was designed to predict monthly carbon and water balances using relatively few inputs, so that it can be run within the data constraints of a geographic information system (GIS Growing degree days at which foliar production begins * GDDFolEnd
Growing degree days at which foliar production ends * GDDWoodStart
Growing degree days at which wood production begins * GDDWoodEnd
Growing degree days at which wood production ends * FolRelGrowMax Maximum relative growth rate for foliage (yr Table 2 ecosystems. PnET-II (Aber et al. 1995) contains a revised photosynthetic routine which has been validated against daily whole-canopy CO 2 exchange data from eddy-correlation measurements from the Harvard Forest, Petersham, Massachusetts, USA (Aber et al. 1996) and improved plant allocation and soil respiration terms. The core relationship in PnET is the linear correlation between maximum photosynthesis and foliar nitrogen content observed across and within many plant species (Field & Mooney 1986 , Mitchell & Hinckley 1993 , Reich et al. 1995 . PnET-II uses this relationship to predict maximum photosynthesis for a specified foliar N concentration. Sub-optimal conditions of temperature, light, humidity, or water availability determine realized net photosynthesis. The model simulates whole-canopy photosynthesis by combining estimates of potential net photosynthesis with a photosynthetic light response curve and an equation for light attenuation through the canopy. Potential photosynthesis determines transpirational demand, which is fulfilled as long as sufficient soil water exists. Respiration, growth, and carbon allocation terms determine partitioning of photosynthate to roots, foliage, and buds. Wood production is derived from the carbon left over after allocation to all other carbon pools, including stored reserves (see Aber et al. 1995 for complete model description).
Two additional terms (BoleFrac and Density) were added to PnET-II to convert the units of estimated wood production from weight of all woody material (g m -2 yr -1
) to volume increment of bolewood (m 3 ha -1 yr -1
). The added terms did not affect calculations of physiological processes, but allowed comparison of predictions between PnET-II and the existing empirical yield models.
Model parameterization
Three types of parameters are required to run PnET-II (Table 1): (1) physiological parameters that are held constant for all forest types; (2) physiological parameters that vary with vegetation type (Table 2) ; and (3) site-specific parameters that vary with location, such as climate, soil WHC, and elevation. Values for parameters held constant for all vegetation types are described in Aber et al. (1995 Aber et al. ( , 1996 . Parameter values specific to the simulations reported here were not calibrated, but determined from literature review of published measurements of Sitka spruce physiology and physical properties. If published data sources could not be found for sites in Ireland or Northern Ireland, reports were sought for sites in Scotland, England, or Wales. This selection procedure made the parameters as site-specific as possible but should not be confused with calibration, which involves choosing sets of input parameter values which optimize fits of predicted values with measured data. Non-calibrated models require that careful attention be paid to determining parameter values, so we describe this process in detail here.
AmaxA, AmaxB, MinWoodFolRatio. Of the parameters that change with vegetation type (Table 2) , AmaxA, AmaxB, and MinWoodFolRatio are held constant within the general vegetation types of broadleaf deciduous or evergreen coniferous. AmaxA and AmaxB describe the intercept and slope, respectively, of the relationship between potential photosynthesis (Amax; nmol CO 2 g leaf -1 s -1
) and foliar N (% dry weight). One photosynthesis/foliar N relationship is used to for needle-leaved evergreen species, and a steeper one is used for broad-leaved deciduous species (Reich et al. 1995 , Aber et al. 1996 . MinWoodFolRatio is the lowest ratio of wood production to foliar production allowed, representing the minimum ). Foliar N may vary within a stand due to needle age (Hom & Oechel 1983) or canopy position (Brooks et al. 1994 ). These differences should be integrated to obtain a value for the whole canopy.
Foliar nitrogen values varied dramatically in the managed Sitka spruce plantations of Ireland and the United Kingdom (Table 3 ), most likely due to the wide range of site types and treatments of the Sitka plantations. Several of these sites were studied specifically because they were nitrogen deficient (poorly aerated peatlands or peaty sites with strong Calluna vulgaris competition for N), while the higher foliar N values were the result of site treatment (fertilization or aeration).
Foliar nitrogen values are particularly variable on peatland sites, where N availability is strongly affected by fertilization (Farrell 1985 (Farrell , 1990a ) and drainage (Schaible & Dickson 1990 ). Deficiencies of both P and N limit the growth of Sitka spruce on blanket peats in western Ireland (Farrell 1985 (Farrell , 1990a . Data from sites in the U.S. and the tropics indicate that the relationship between foliar nitrogen and photosynthesis weakens when phosphorus is limiting (Reich & Schoettle 1988 , Reich et al. 1994 . Phosphorus deficiency inhibits efficient use of nitrogen by white pine (Pinus strobus) at P:N ratios below 0.10 to 0.14 (Reich & Schoettle 1988) . As the P:N ratios for many of the Sitka spruce sites are also in this range (Table 3) , productivity at these sites may be limited by phosphorus availability.
PnET-II should be run using site-level, canopy-averaged foliar N data where these measurements exist. Where foliar N measurements were not available, a default value of 1.8% was used. This value was the median foliar N concentration of 3 years' worth of regional surveys of current-year foliar chemistry throughout Ireland (McCarthy 1993) . We expect this measure to over-represent FolNCon for 2 reasons: first, the average foliar N content of the whole canopy is generally slightly lower than that of the current year foliage; and, second, most Sitka spruce stands in Ireland are fairly young, so reported foliar N concentrations may be somewhat higher than if the stands were mature. The magnitudes of these biases are not known.
Canopy light attenuation (k). ( 1) where I i is the solar radiation received at level i in the canopy, I 0 is radiation at the top of the canopy, and LAI i is the total leaf area index (m 2 m -2 ) above canopy layer i. Measurements of k for Sitka spruce in Scotland range from 0.43 to 0.58 (Norman & Jarvis 1972 , Jarvis 1981 , Jarvis & Leverenz 1983 , with a median value of 0.5. PnET-II used a value of 0.5 for k for Sitka spruce. This is the same k value determined for several other conifers native to the northwestern United States (Pierce & Running 1988 , Pierce et al. 1994 .
Specific leaf weight (SLWMax and SLWDel). Sun leaves at the top of the canopy usually have a greater specific leaf weight (g m .
Length of foliar retention (FolReten).
FolReten represents the mean number of years that trees retain their foliage. At the end of each growing season, PnET-II 'drops' 1/FolReten of the calculated foliar mass. While Sitka spruce can retain some of its foliage for 4 or more years (Norman & Jarvis 1972 , Watts et al. 1976 , Harcombe et al. 1990 , only a small portion of Sitka spruce foliage reaches this age (Norman & Jarvis 1972 , Watts et al. 1976 . Measurements of the abundance of foliage in different age classes in 20-to 25-yr-old Sitka spruce in Scotland (Norman & Jarvis 1972 , Watts et al. 1976 indicate that Sitka spruce drops 38 to 39% of its foliage per year, resulting in an average foliar retention time of 2.6 yr. This value ignores any changes in foliar retention time brought about by pest attacks (e.g. spruce aphid).
Temperature controls (PsnTMin and PsnTOpt). PsnTMin and PsnTOpt are, respectively, the minimum and the optimum daytime temperatures for photosynthesis. PnET-II uses these 2 parameters to describe a parabolic response of photosynthesis to temperature. Although detached Sitka spruce shoots have demonstrated low levels of instantaneous photosynthesis at -5 to -6°C (Ludlow & Jarvis 1971 , Neilson et al. 1972 ), significant photosynthesis is unlikely to occur during months with mean daytime temperatures of -5 to -6°C, when much colder minimum temperatures adversely affect photosynthesis. PsnTMin was set at 0°C.
Optimum temperatures for photosynthesis in Sitka spruce can vary from 10 to 22°C, depending on provenance and time of year (Ludlow & Jarvis 1971 , Neilson et al. 1972 ), but the most common optimum temperature for Sitka spruce is 19°C (Neilson et al. 1972) , so PsnTOpt was set at 19°C.
Humidity controls (DVPDA and DVPDB). The coastal Pacific Northwest region of the United States and Canada-the natural range of Sitka spruce-experiences mild wet winters and warm dry summers. Tree species native to this region have evolved to close their stomata in response to both soil drought and high vapor pressure deficit (Running 1976 , Waring & Franklin 1979 . DVPDA and DVPDB are empiricallyderived coefficients that describe the effect of vapor pressure deficit (VPD, kPa) on photosynthesis. PnET-II calculates the effect of VPD on photosynthesis by multiplying potential photosynthesis by DVPD, a scalar ranging from 0 to 1, which is calculated as:
Estimates of DVPD were derived from measurements of the effects of VPD on photosynthesis in wellwatered Sitka spruce seedlings (Watts & Neilson 1978 , Sandford & Jarvis 1986 ). Maximum photosynthesis was assumed to occur at the lowest VPD treatment, and subsequent increases in VPD were presumed to be the only cause of decreased photosynthesis (Fig. 2) . Regression coefficients derived from the Sandford & Jarvis (1986) data (DVPD = 1.00 -0.21 VPD; R 2 = 0.99, p < 0.001) exactly matched the linear VPD effect previously determined for Douglas-fir and lodgepole pine (Table 2) , and so DVPDA and DVPDB were set to these values.
Interception of precipitation (PrecIntFrac). PrecIntFrac represents the percent of monthly precipitation intercepted by the canopy. Rainfall interception in Ireland and the United Kingdom ranges from 25 to 49% of total annual rainfall (Table 4) . Although the oldest plantation has the highest interception value, no other trend between interception and age was apparent. PrecIntFrac was assigned a value of 30%, the median of the interception fractions listed in Table 4 . Measured rainfall interception values for Sitka spruce were substantially higher than for the other vegetation types that PnET-II has considered (Table 2) .
Growing degree days (GDDFolStart, GDDFolEnd, GDDWoodStart, GDDWoodEnd). GDDFolStart, GDDFolEnd, GDDWoodStart and GDDWoodEnd are growing-degree-day controls on the start and end of foliage and wood production. PnET-II calculates growing degree days as the accumulated mean temperature above 0°C from January 1. The timing of wood production (GDDWoodStart and GDDWoodEnd) is assumed to correspond with the timing of foliage production (GDDFolStart and GDDFolEnd).
Bud burst in Sitka spruce has been shown to correspond with degree days above 5°C accumulated after February 1 and the number of chilling days less than 5°C after November 1 (Cannell & Smith 1983) . Estimates of GDDFolStart were approximated from these data, and ranged from 600 to 750 with an average of 650.
Dates of Sitka spruce bud and shoot elongation have been reported for sites in Argyll, Scotland (Cannell & Willett 1975) and Moffat Forest, Scotland (Ford et al. 1987) . Both studies report temperatures only for the growing season. January to May growing degree days were approximated from long-term (1941 to 1970) average temperature measurements at weather stations in western Scotland. Estimates of GDDFolStart at the 2 sites were 700 to 750, and GDDFolEnd was 1400 to 1600. For all Sitka spruce model runs, GDDFolStart and GDDWoodStart were set to 650; GDDFolEnd and GDDWoodEnd, to 1500. Measurements from a highly productive Sitka spruce stand indicate that 69% of total woody NPP is allocated to bolewood (Ford 1982) . No other NPP data were found for Sitka spruce, but patterns of NPP allocation in other conifers and biomass allocation in Sitka spruce suggest that the high-productivity stand allocates a rather large percentage of woody NPP to the stem (Table 5) . Data for several western U.S. conifers indicate that woody NPP and biomass allocation patterns were essentially identical (Grier & Logan 1977) , and so PnET-II used the more conservative estimate of bolewood allocation derived from biomass allocation patterns observed by Carey & O'Brien (1979) , and BoleFrac was assigned a value of 0.64.
Wood production conversion factors (BoleFrac and Density
Density is the density of bolewood (g cm -3
) used to convert from stem weight to volume. Most reported estimates of Sitka spruce density were between 0.3 and 0.4 g cm -3 (Gholz 1982 , Jarvis & Leverenz 1983 , Harcombe et al. 1990 , Dewar & Cannell 1992 . Young Sitka spruce can have densities up to 0.6 g cm -3 , but wood density decreases with age ). According to UK forest mensuration charts, density varies inversely with growth rate (Hamilton 1985 , from Dewar & Cannell 1992 . A density of 0.34 g cm -3 was used to correspond with Ireland's mean yield class of 16 m 3 ha -1 yr -1 (Carbonnier 1991 , Anonymous 1994 . Climate and soils data. To validate PnET-II against measured forest production values, and to perform sensitivity analyses appropriate for the range of conditions in Ireland, we needed site-level data on climate and soil WHC for those sites where production data were available. Climate data (average monthly maximum and minimum temperature, precipitation and radiation) were derived from a statistical model developed for Ireland to describe the spatial and elevational variation of average monthly climate for the period 1951 to 1980 (Goodale et al. 1998 ). Sites were located within a 1 km resolution GIS based on a digital elevation model (DEM) of the same scale developed for this project, and climate data obtained using the spatial model.
In order to estimate plant-available soil WHC, the 1: 575 000 General Soil Map of Ireland (Gardiner & Radford 1980 ) was digitized and converted to a raster system with 1 km 2 grid cells to overlay the DEM described above (Fig. 3) . Each of the map's 44 soil associations was assigned an estimated WHC value (J. 
Validation
PnET-II's predictions of annual wood production (m 3 ha -1 yr -1 ) were compared with estimates of yield class for 2 sets of stands: 7 stands from the literature with published foliar N values (Table 6) , and 82 stands from the Irish Forestry Board (Coillte Teoranta) without foliar N data. For both sets of stands, elevations were estimated to within 30 m (100 feet) from 1: 126 720 ( 1 ⁄ 2 inch : 1 mile) maps published by the Ordnance Survey of Ireland. Climate data were obtained from the climate models described above based on the latitude, longitude and elevation of each site (Goodale et al. 1998) . WHC values were estimated from the stand's location within the GIS soil WHC data layer. For the 7 stand set, measured foliar N values were used, with one exception. Foliar N:P ratios at the Glenmalure site exceeded the critical 10:1 ratio, suggesting a phosphorus limitation. PnET-II was run for this site with both the measured foliar N concentration (1.8%) and an 'effective' foliar N concentration of 1.2%, 10 times the foliar P concentration. For the 82 stand set where foliar N data were not available, runs were performed using default values of 1.1% and 1.8% for all sites.
Sensitivity analyses and predictions
We used different sets of input parameters and a standardized set of site locations to assess the relative sensitivity of PnET-II predictions of NPP and wood production to predicted changes in climate and currently occurring variations in site quality. For each simulation presented below, PnET-II was run for the same subset of 830 locations randomly selected from a GIS for Ireland (Goodale et al. 1998) . Soil WHC and elevation were determined for each site by location within the GIS, and the selected pixels had elevation and WHC distributions identical to those of the full GIS. Ambient climate conditions were determined for each pixel using regional climate models (Goodale et al. 1998 ). Sensitivity to climate change was determined by altering temperature and precipitation for each pixel as predicted by the Hadley Centre GCM. Sensitivity to site quality was determined by varying foliar N concentration across the range of values measured in Ireland (Table 3) . Results were compared with predicted sensitivity to errors in parameter estimation and to the current range in ambient climate and site quality conditions.
Climate and CO 2 . An ambient control and 5 climate change scenarios were run for each of 3 different foliar N concentrations (0.9, 1.5 and 2.1%). The first 4 climate change runs consisted of changes in individual parameters: symmetric and asymmetric temperature changes, precipitation changes, and the effects of CO 2 enrichment on water use efficiency. A fifth run incorporated changes in temperature, precipitation and water use efficiency all at once. For the first temperature change run (symmetric temperature increases) both daily maximum and minimum temperature were increased by the same amount (Table 7) using seasonal sulfate-corrected predictions obtained from the Hadley Centre GCM (Mitchell et al. 1995, http://www.cru.uea.ac.uk/link/) . In the second run (asymmetric temperature increases), changes in minimum temperature accounted for two-thirds of the Table 6 . Site descriptions of the 7 locations with published foliar N data. Age, elevation, foliar N and yield class were provided for all sites. The foliar N value in parentheses is an 'effective' foliar N value based on phosphorus limitation. WHC values were estimated from descriptions of soil type change in mean temperature, while maximum temperatures were increased only slightly (Table 7) . Both methods result in the same increase in monthly mean temperature, but have different effects on nighttime respiration and on VPD. In the third run, precipitation was altered seasonally according to the Hadley Center predictions in which precipitation increased in all seasons except summer, when it decreased (Table 7) . These monthly changes were added to the monthly climate values for each of the 830 pixels in the subset of the Irish DEM used for these analyses.
In the fourth run, we simulated the physiological effects of CO 2 enrichment by increasing water use efficiency only, as in previous applications of PnET-II (Aber et al. 1995) . This may underestimate actual sensitivity to enrichment as potential increases in photosynthesis are ignored. Essentially, this assumes that nutrient limitations will lead to a down-regulation of photosynthesis, leaving only the water use efficiency effects in place (see discussion in Section 2 above).
The fifth climate change run combined the effects of changes in precipitation, temperature and CO 2 enrichment. This run represents the prediction for the combined effects of the changes described here on forest production in Ireland across a range of site qualities.
Site quality. To determine sensitivity to site quality, summarized in these simulations as foliar N concentration, we varied foliar N from 0.9% to 2.1% N (Table 8) to capture most of the measured range in this parameter in Ireland and Scotland.
Potential errors in physiological parameters. In addition to foliar N, each of the vegetation parameters discussed above was varied across the range of published values (Table 8) , with the exception of DVPDA and DVPDB, FolReten, and PsnTMin for which the variation could not be assessed from the studies available. PsnTMin was varied ± 2°C, and the other 3 parameters were varied ±10%. Sensitivity indices were calculated as the percent change in productivity (NPP or wood growth) divided by the percent change in the parameter value.
Ambient soil and climate. The effects of spatial variation in current climate and soil conditions on NPP or wood production are captured as variation around the mean for each of the runs performed.
RESULTS AND DISCUSSION
Validation
PnET-II's predictions agreed fairly well with published yield class estimates of production where foliar N data were available (Fig. 4) . Wood production estimates for 6 of the 7 sites fell within 5 m 3 ha -1 yr -1 of the actual yield classes, which are generally reported in 2 m 3 ha -1 yr -1 classes. The Glenmalure site was predicted more accurately with the 'effective' foliar N value equal to 10 times the phosphorus concentration, than by actual foliar N. This suggests that nutrient limitation by elements other than nitrogen may be represented by 'effective' N concentrations based on critical N:element ratios. Additional data from sites with foliar N and P values would provide a more rigorous test of the model. Table 7 . Climate change predictions used in tests of sensitivity of forest production. Values are from the Hadley Center GCM (Mitchell et al. 1995) . Predictions are from a model experiment in which the effects of sulfate aerosols are combined with effects of increases in greenhouse gases. Winter is December, January and February; spring is March, April and May; summer is June, July and August; and fall is September, October and November. Distribution of temperature change between maximum and minimum assumes that 2/3 of the change in mean temperature is due to increases in minimum temperature Fig. 4 . PnET-II predictions of annual wood volume increment compared to yield class estimates at 7 sites with published foliar N and yield class data ( ) when foliar N was set to 1.8% at all sites and underpredicted wood production (8.8 m 3 ha -1 yr -1 ) when 1.1% was used instead (Fig. 5) . The differences between PnET-II and Coillte wood production estimates did not follow any discernible pattern with respect to elevation, age, estimated WHC, estimated soil type, calculated temperature, or calculated precipitation. The effect of wind in reducing potential Sitka spruce growth was estimated from empirical relations developed in Scotland (Worrell & Malcolm 1990a, b) and an existing wind zonation map for Ireland (Miller 1986) , but this index also failed to explain the discrepancy between Coillte Teoranta and PnET-II growth estimates. Based on the more successful results where foliar N values were known (Fig. 4) and the results of sensitivity analyses below, we believe that actual stand-level variation in foliar nitrogen status, were such data available, would explain much the observed variation in yield class.
Yield class is not a direct measurement of tree volume growth, but an index of a stand's predicted maximum mean annual growth rate (m . These empirical models have not been tested in Ireland, and their validity may not continue at sites experiencing environmental change (Bossel 1991 , Mohren & Burkhart 1994 , Spiecker et al. 1996 . Thus, errors may occur in either PnET-predicted or 'observed' yield class.
Wood growth is also one of the most difficult processes for the PnET model to predict accurately, in that the model allocates carbon to wood only after all other plant demands are met. As a residual term, wood production is the least constrained term in the stand carbon balance and is particularly sensitive to changes in the system's carbon economy.
Sensitivity analyses
The effects on NPP and wood production of either ambient variation in climate and soil WHC or predicted increases in temperature, precipitation and CO 2 are quite small relative to the effects of ambient variability in site quality represented as changes in foliar N concentration (Fig. 6 ).
Climate and CO 2 . Among climate change runs, predicted differences in NPP were always less than 9% (Fig. 6 ). This is less than the variability due to variation in ambient climate and soil conditions. Differences in wood production between climate change treatments were greater than differences in NPP as PnET-II gives allocation priority to foliage and roots, and lower priority to wood. Still, these differences never exceeded 30% and generally were less than 15%. Differences were accentuated at higher foliar N concentrations. In general, those treatments which increased the length of the growing season (temperature increases) increased wood production. The asymmetric temperature increase resulted in an even longer growing season, and hence even more wood production, than the symmetric increase. The asymmetric temperature change also decreased VPD and so increased water use efficiency as described above. However, increased water use efficiency alone was only important at the highest foliar N level, where the higher rate of photosynthesis, and hence transpiration, resulted in a small amount of water stress. The combined effects of predicted increases in temperature, precipitation and CO 2 are predicted to be minor for forests in Ireland (Fig. 6, rightmost bar in each group). Overall, changes in NPP or wood production induced by changing temperature, precipitation and water use efficiency separately or in combination were no more than 30% of ambient (control run) values, assuming no feedback between climate change and site fertility. Changes in NPP and wood production are not always proportional in PnET-II. Conditions of water stress result in lower allocations to foliage in the following year and hence higher proportional allocation to wood. Thus the increase in NPP in the water use efficiency run at 2.1% foliar N relieves water stress, leading to higher allocations to foliage, with less of an effect on wood production.
Site quality. In contrast to the small changes predicted in response to climate change, a 2-fold increase in NPP and a 4-fold increase in wood production are predicted over the measured range of foliar N concentrations values currently existing in the field (Fig. 6 ). The range of values for yield class predicted over the measured range of foliar N concentrations is in agreement with the range of measured yield class values for Ireland (Fig. 5) .
Physiological parameters. A comparison of model sensitivity to foliar N and other physiological parameters also emphasizes the potential importance of site quality relative to potential errors in specification of these parameters (Table 8 ). Not only is the model extremely sensitive to small differences in foliar nitrogen (sensitivity indices of 1.0 or more), but Sitka spruce foliar N contents also vary widely from site to site (Table 3) .
Following foliar nitrogen content, foliar retention time, maximum specific leaf weight, and the light attenuation constant were the next most critical model parameters, although production estimates changed by 11% or less due to observed variability in measurements of these parameters (Table 8) . Decreasing foliar retention time decreases wood production more than overall NPP (Table 8) , because faster leaf turnover demands additional carbon allocation to leaves. NPP remains high, but little carbon remains for wood production. Changing the minimum temperature required for photosynthesis by 2°C affected production far more than changing the optimum temperature did. Lowering the critical minimum threshold for photosynthesis (PsnTMin) increased NPP and wood production by extending the growing season to the late fall and early spring. Variation in phenology parameters had very minor effects on production, confirming that the rough values determined for these parameter values were adequate under these circumstances.
Considering the wide range of interception values observed (Table 4) , interception impacts on production were quite small. Precipitation intercepted by the canopy is assumed in the model to evaporate and not contribute to soil water storage. This result indicates that water availability did not generally limit forest production in PnET-II runs.
Variation of BoleFrac and Density values did not affect predictions of NPP, but they did affect estimates of wood volume increment. Varying either BoleFrac or Density caused direct, uniform changes in the predicted wood volume increment at all pixels. Errors in specifying these 2 parameters could consistently bias predictions by up to 20%.
Ambient soil and climate. Standard deviations for each individual run average less than 10% of the mean (Fig. 6) , and represent the variability resulting from variation in ambient soil WHC and climate conditions across Ireland. This source of variability is relatively minor due to Ireland's maritime climate.
CONCLUSIONS
Site-level foliar N concentration was the most sensitive parameter in this analysis of potential forest production in Ireland. Site-to-site variation in foliar chemistry may be due to natural differences in site fertility (Körner 1989 , Martin & Aber 1997 or plantation management practices (Farrell 1990a , b, Farrell & Boyle 1990 , Schaible & Dickson 1990 . We conclude that these sitespecific treatments, in combination with previous site history, result in a range of forest productivity that is much greater than any likely to be induced by climate change or CO 2 enrichment. Eamus & Jarvis (1989) drew a similar conclusion.
This result has global implications. Many models of regional NPP fail to include any index of N availability or site quality. Many of those models that do consider site quality use single default values of N availability for whole ecosystem types or regions (e.g. McGuire et al. 1992 , Aber et al. 1995 , VEMAP Members 1995 , although Parton et al. 1993 provide an exception), which may strongly over-or under-represent the productivity of a large region (e.g. ) under current and changed climates at 3 different levels of foliar nutrition. In the first climate change scenario, maximum and minimum temperatures were increased equally (symmetric temp. increase), and in the second, minimum temperatures were increased more than maximum (asymmetric temp. increase). See text for more complete description. Bars represent mean (±1 SD) values for 830 1-km 2 pixels randomly selected from the Irish GIS where land use practices or forest management have induced differences in site quality. Additionally, these models use parameters from ecosystem study sites chosen to represent relatively undisturbed, mature or equilibrium conditions, or are calibrated to data sets developed at these sites. Direct effects of human management on site quality may impact forest productivity and carbon storage far more than the indirect effects resulting from an altered atmosphere, and so models must begin to incorporate the broad-scale effects of land management on forest productivity. This may be possible through the use of remote sensing of foliar chemistry (Matson et al. 1994 , Martin & Aber 1997 or the incorporation of disturbance history into existing biogeochemical models (Aber et al. 1997 ). If we are to predict the actual role of climate change in altering forest productivity and global biogeochemistry, we must consider site quality-its spatial variability, controlling factors, and response to management and pollution loading.
